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Abstract

Cellular stress activates various mechanisms, including autophagy and vesicular trafficking,
to maintain homeostasis and cope with pathological conditions such as acute pancreatitis.
One of these mechanisms involves the unconventional secretion of extracellular vesicles
(EVs), lipid bilayer-delimited particles released by almost all cell types into the extracellular
medium. Recently, an autophagy-related secretory pathway that releases EVs has been
discovered. Our study focuses on Vacuole Membrane Protein 1 (VMP1), an
autophagy-related protein implicated in pancreatitis, diabetes, pancreatic cancer, and cellular
stress management. VMP1 expression triggers autophagy in mammalian cells through its
ubiquitination and its direct binding to BECN1. Here, we demonstrate that VMP1 is secreted
to the extracellular medium integrated into the membrane of EVs. Using cell lines expressing
different VMP1-tag expression plasmids, we successfully isolated and purified
VMP1-containing EVs (VMP1-EVs) from the extracellular medium through ultracentrifugation
and immune isolation techniques. The secretion of VMP1-EVs was reduced by mTOR
inhibition and in the absence of proteins essential for autophagosome formation, such as
ATG5. The secretion of endogenous VMP1 by pancreatic acinar cells was highly induced in
experimental models of cell stress, including blocked autophagic flux with Bafilomycin and
exposure to supramaximal doses of caerulein. Moreover, immuno-isolation of VMP1-EVs
from cell models revealed that VMP1 is a component of EV membranes. Transmission
electron microscopy (TEM) and dynamic light scattering (DLS) analysis of immuno-isolated
VMP1-EVs indicated a diameter of around 150 nm. Western blot assay demonstrated that
the autophagy related protein LC3-II and p62 are co-secreted with VMP1 in cellular stress
models. Furthermore, VMP1-EVs are taken up by different host cells, suggesting that
VMP1-EVs may be able to mediate remote communication between cells. In conclusion, we
have demonstrated for the first time that the pancreatitis-associated transmembrane protein
VMP1 is unconventionally secreted as a component of extracellular vesicles via a secretory
autophagy pathway.
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Introduction

Autophagy is a highly specialized catabolic process that facilitates the selective degradation
of aged or damaged cellular components, leading to constant cellular regeneration and
maintenance of cellular homeostasis. This fundamental biological process has garnered
significant attention due to its critical role in cellular health and function. However, recent
discoveries have expanded our understanding of autophagy, revealing new non-canonical
functions that have led to the emergence of the term secretory autophagy (SA). SA
encompasses conventional and unconventional protein secretion, the production of
extracellular vesicles (EVs), and the release of secretory lysosomes (Leidal et al. 2020).

Despite these advancements, the precise mechanisms underlying SA remain poorly defined.
The complexity of the underlying cell biology and the novelty of the field contribute to this
ambiguity. Canonical autophagy shares significant points of convergence with endosomal
processes, given the similarities in the origin of autophagosomes and endosomes. The
convergence between autophagic and endosomal pathways involves several shared
molecular players and membrane dynamics. For instance, key regulators of the endosomal
pathway, including VPS34, ESCRT complex proteins, SNAREs, and various ATG proteins,
play fundamental roles in the initiation, maturation, and eventual fusion of autophagosomes
with lysosomes (Papandreou and Tavernarakis 2020). This functional interconnection
underscores a close link between SA and exocytosis mechanisms, suggesting that
autophagy-related pathways might have broader implications in cellular trafficking and
secretion beyond degradation processes.

Furthermore, SA has been implicated in various pathophysiological processes by facilitating
the secretion of cellular components involved in complex human diseases such as
inflammatory diseases, cancer, diabetes, and neurodegenerative disorders (Urano et al.
2018). This autophagic function is particularly triggered during cellular stress conditions such
as starvation, endoplasmic reticulum (ER) stress, and the accumulation of misfolded
proteins, which activates the unfolded protein response (UPR) (Jahangiri et al. 2022). These
stressors can induce a shift towards SA, where instead of merely degrading cellular
components, the autophagic machinery aids in the secretion of specific proteins and
vesicles.

A pivotal component in the autophagic process is VMP1, an autophagy related
transmembrane protein characterized in our laboratory as essential for autophagy (Ropolo et
al. 2007; Molejon et al. 2013). VMP1 expression in the pancreas is strongly and rapidly
induced in response to acute pancreatitis (Dusetti et al. 2002), leading to the induction of
autophagy and localization in the autophagosome membrane (Ropolo et al. 2007). Further
studies demonstrated that VMP1 plays a critical role in the cellular response to pancreatic
pathology, including diabetes mellitus (Grasso et al. 2009), acute pancreatitis (Grasso et al.
2011; Vanasco et al. 2021), and pancreatic cancer (Lo Ré et al. 2012; Gilabert et al. 2013).
In the context of AP, VMP1 is involved in zymophagy, a type of selective autophagy that
recognizes and degrades activated zymogen granules(Grasso et al. 2011). Moreover, VMP1
is also integral to mitophagy, which along with zymophagy, promote cell survival and prevent
the progression to more severe forms of pancreatic disease(Vanasco et al. 2021). The
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significance of VMP1 in autophagy, pancreatic pathology, and cancer-related mechanisms
has been widely recognized, with studies demonstrating its strict regulation at both
transcriptional and post-transcriptional levels. We characterized the AKT1-GLI3-VMP1 (Lo
Ré et al. 2012) and the E2F1-EP300-VMP1 (Ropolo et al. 2020) transcriptional pathways.
Also, we identified ubiquitination of VMP1, mediated by the E3 ligase complex CRL4/Cdt2, in
pancreatic cancer cells (Renna et al. 2023).

Here we propose that VMP1 expression not only triggers sophisticated selective autophagy
processes but also might be involved in secretory pathways triggered by stress and
pathological conditions. We have demonstrated for the first time the unconventional
secretion of VMP1 in the EV fraction. In our findings, VMP1 emerges as a critical player in
secretory pathways known as SA, where this transmembrane protein is integrated into the
membrane of EVs. Our observations underscore the dynamic nature of VMP1 secretion and
its regulation by autophagy and cellular stress conditions. Given the highlighted role of
VMP1 in both disease pathophysiology and membrane trafficking related to autophagy, this
novel finding may open new avenues for basic research and clinical applications.

Materials and Methods

Cell Culture, Transfections, and Differentiation

HEK293T, HeLa, and AR42J cell lines were obtained from the American Type Culture
Collection (ATCC). MEF WT and ATG5-deficient cells were kindly provided by Dr. María I.
Colombo (Universidad Nacional de Cuyo, Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), Argentina). Cells were cultured in Dulbecco's modified Eagle medium
(Biological Industries) supplemented with 10% fetal bovine serum (Natocor), 200 mM
L-alanyl-L-glutamine dipeptide (Gibco™), 100 U/μl penicillin, and 100 μg/μl streptomycin
(Biological Industries). Cell lines were maintained at 37ºC with 5% CO₂ in a humidified
atmosphere. Mycoplasma contamination was monitored monthly via DAPI staining and
biannually with PCR. HEK293T cells were transfected at 60-70% confluence using
polyethyleneimine (PEI) as the transfection reagent from Polysciences (cat. no.
#24765-1).The cell medium was replaced with conditioned culture medium 5 hours
post-transfection. AR42J cells were differentiated using 100 nM dexamethasone for 48
hours.

Treatments

For amino acid deprivation, cells were washed twice with fasting medium (140 mM NaCl, 1
mM CaCl2, 1 mM MgCl2, 5 mM glucose, 1% BSA, and 20 mM HEPES pH 7.4) and incubated
in the same fasting medium for 16 hours to collect VMP1-EVs. PP242 (Santa Cruz) was
dissolved in DMSO to prepare a 1 mM stock solution, and cells were treated with 1 µM
PP242 for 16 hours. Chloroquine diphosphate (Sigma Aldrich) was dissolved in PBS to
create a 10 mM stock solution, and cells were treated with 50 µM chloroquine diphosphate
for 16 hours. Bafilomycin A1 (Santa Cruz Biotech, sc-201550A), prepared as a 10 µM stock
in DMSO, was used at final concentrations of 20 nM and 100 nM for 16 hours. For

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 1, 2024. ; https://doi.org/10.1101/2024.10.31.615473doi: bioRxiv preprint 

https://paperpile.com/c/MobRCB/BDrKN
https://paperpile.com/c/MobRCB/BDrKN
https://paperpile.com/c/MobRCB/jiV9K
https://paperpile.com/c/MobRCB/JSlt
https://doi.org/10.1101/2024.10.31.615473


hyperstimulation of CCK receptors, differentiated AR42J cells were treated with 7.4 µM
caerulein (Sigma Aldrich) for 16 hours.

Expression Vectors

The plasmids pEGFP-N1–VMP1, pcDNA4-B–hVMP1–V5/His, pLenti–hVMP1–FLAG were
performed according to the explained in Renna et a., 2023 (Renna et al. 2023). FLAG–Ub
was kindly gifted from Simona Polo (University of Milan).

Generation of Conditioned Culture Medium

For the generation of exosome-depleted conditioned media, Dulbecco's Modified Eagle
Medium (Biological Industries) supplemented with 200 mM L-alanyl-L-glutamine dipeptide
(Gibco™) and 30% fetal bovine serum (Natocor) was ultracentrifuged using the Beckman
XL-90 equipment for 16 hours at 120,000 g. The resulting supernatant was filtered using
0.22 μm filters and placed in sterile containers. Penicillin (100 U/μl) and streptomycin (100
μg/μl), both from Biological Industries, were subsequently added.

Isolation of Extracellular Vesicles

The conditioned cell medium was collected in 15 mL tubes and subjected to low-speed
centrifugation (300 g) for 15 min and 2000 g for 20 min. Subsequently, centrifugation was
performed at 16,500 g at 4°C for twenty minutes. The resulting supernatant was
ultracentrifuged again using the Beckman XL-90 rotor for 2 hours at 4°C at a speed of
120,000 g. The pellet was washed with cold PBS and centrifuged one last time at 120,000 g
at 4°C for 1.5 hours. The final pellet was resuspended in PBS for subsequent analysis by
western blot, immunofluorescence, or immunoprecipitation.

Western Blot Analysis

After different treatments and transfections, cells were lysed in lysis buffer (50 mM Tris-HCl
(pH: 7.4), 250 mM NaCl, 25 mM NaF, 2mM EDTA, 0.1% Triton X-100, and Thermo
Scientific™ Pierce Protease Inhibitors). EVs pellets were lysed with Laemmli Buffer. For
LC3, Western blot cells were lysed in 50 mM Tris-HCl (pH: 8.0), 150 mM NaCl, 1% Triton
X-100, and Thermo Scientific™ Pierce Protease Inhibitors. The protein concentration was
determined using the bicinchoninic acid (BCA) protein assay reagent (Pierce). An equal
amount of protein was analyzed using SDS-PAGE and transferred to polyvinylidene fluoride
PVDF membranes (0.22 μm pore size, Millipore). The membranes were blocked with
Odyssey Blocking Buffer (LI-COR) at room temperature for 1 h and incubated with the
corresponding primary antibodies overnight at 4 ºC. The primary antibodies used were
anti-VMP1 (1:1,000; rabbit mAb #12978, Cell Signaling Technology), anti-actin (1:2,000;
rabbit polyAb A2066; Sigma–Aldrich), anti-ubiquitin (1:1000; mouse mAb UBCJ2; Enzo),
anti-DYKDDDDK tag (1:6000; mouse mAb #8146, Cell Signaling Technology), anti-α-tubulin
(1:4000; mouse mAb T5168; Sigma-Aldrich), anti-SQSTM1/p62 (D5E2) (1:1000; rabbit mAb
#8025 Cell Signaling Technology), anti CD63 (1:1000; mouse mAb ab231975) and anti-GFP
(1/3000, rabbit pAb TP401, Torrey Pines Biolab). After incubation, the membrane was
washed four times with PBS containing 0.1% Tween-20 (PBS-T), washed twice with PBS,
and then incubated with the corresponding IRDye secondary antibody (1:15000, IRDye®
680LT goat, anti-rabbit IgG or 1:10000, IRDye® 800CW goat anti-mouse IgG, LI-COR) in

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 1, 2024. ; https://doi.org/10.1101/2024.10.31.615473doi: bioRxiv preprint 

https://paperpile.com/c/MobRCB/JSlt
https://doi.org/10.1101/2024.10.31.615473


Odyssey Blocking Buffer (LI-COR) for 2 h at room temperature. Finally, the membrane was
washed four times with PBST, washed twice with PBS, and scanned with Odyssey® SA
(LI-COR).

For the LC3 Western blotting, the membranes were blocked at room temperature for 1 h with
1% bovine serum albumin in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T).
After blocking, the membranes were incubated with the primary antibody anti-LC3B (1:500,
rabbit mAb #3868, Cell Signaling Technology) over 24 h at 4ºC. After the incubation, the
membranes were washed four times with TBS-T and twice with TBS. Finally, they were
incubated with an anti-rabbit HRP-conjugated (1:2500, Amersham NA934, GE Healthcare)
secondary antibody in 1% bovine serum albumin in Tris-buffered saline (TBS) containing
0.1% Tween-20 (TBS-T). The membranes were washed four times with TBST, washed twice
with TBS, and incubated with PIERCE ECL Plus Western blotting substrate (Cat# 32134,
Thermo Scientific) according to the manufacturer's instructions and scanned with cDigit Blot
Scanner (LI-COR).

FIJI software was used to determine the density of protein bands. The relative densitometry,
normalized to actin, was expressed as the mean ± SEM of three different experiments.

Immunoprecipitation Assays

For the anti-FLAG immunoprecipitations, pellets obtained after ultracentrifugation of
conditioned culture media were resuspended in 300 μL of 1X PBS and placed in 2 mL
Eppendorf tubes for subsequent incubation with anti-FLAG® M2 Magnetic Beads for 2 hours
at 4°C with agitation. The beads were washed five times with PBS containing 0.02%
Tween-20. Elution was performed by adding a Laemmli buffer and heating the samples for 5
minutes at 70°C.

For the anti-GFP immunoprecipitations, ChromoTeK GFP-Trap magnetic agarose beads
were used. Pellets obtained after ultracentrifugation were resuspended in 300 μL of 1X PBS
and incubated with the reagent for 1 hour at 4°C with agitation. The beads were washed five
times with PBS containing 0.02% Tween-20, and elution of the VMP1.GFP-EVs was
performed by adding Laemmli buffer and heating the samples for 5 minutes at 70°C.

Fluorescence Intensity of VMP1.GFP-EVs

Conditioned culture medium from HEK293T cells previously transfected with the
pEGFP-N1-hVMP1 plasmid was ultracentrifuged to obtain the EV fraction. The resulting
pellet, rich in VMP1.GFP-EVs, was resuspended in PBS and the fluorescence intensity was
subsequently quantified using the SpectraMax i3x microplate reader (Molecular Devices) at
a wavelength of 510 nm. The normalized fluorescence intensity (FI) of the VMP1.GFP
extracellular vesicles was calculated using the formula: FI EVs / FI WCL, where FI EVs
represents the fluorescence intensity of the extracellular vesicles obtained via
ultracentrifugation, and FI WCLs represents the fluorescence intensity of the whole cell
lysate (WCL) transfected with VMP1.GFP.

Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) measurements of the pellets obtained from the conditioned
culture medium of HEK293T cells transfected with the pLenti-Puro-PGK-hVMP1 plasmid
were performed at 25°C using a laser dynamic light scattering system (Zetasizer Nano-ZSP,
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Malvern Instruments, UK) equipped with a He-Ne laser (633 nm) and a digital correlator,
model ZEN5600.

Transmission Electron Microscopy (TEM)

Following immunoprecipitation of the VMP1.Flag-EVs, the sample was resuspended in PBS.
Elution of the EVs was performed using 2% glutaraldehyde prepared in 0.1 M phosphate
buffer at 4°C. The sample was then placed on a 200 mesh copper grid with an LR white
resin membrane (Sigma Aldrich - L9774) and washed eight times for 2 minutes each with
ultrapure water. The sample was contrasted with 2% aqueous uranyl acetate, pH 7, for 3
minutes. Excess liquid was removed with blotting paper, and the sample was air-dried at
room temperature for 15 minutes. Observation was performed using a Zeiss 109T
transmission electron microscope (80 kV), and images were acquired with a Gatan
ES1000w digital camera.

Immunofluorescence

Cells were grown on 15 mm round glass coverslips in 12-well plates. A total of 60,000 HeLa
cells and 80,000 AR42J cells were seeded. The following day, cells were transfected with
the plasmids of interest if necessary for the experiment and incubated with either control
vesicles or VMP1-EVs for 24 hours. After this period, the coverslips were fixed with 3.6%
paraformaldehyde in PBS for 20 minutes, followed by three PBS washes. Cells were then
permeabilized with 0.1% Triton X-100 in PBS for 5 minutes and blocked for 1 hour in PBS
with 1% BSA blocking solution. Coverslips were incubated in a humid chamber at 4°C
overnight with the primary antibody prepared in the aforementioned blocking solution. The
antibodies used were: anti-FLAG (1:500; DYKDDDDK Tag (9A3) mAb Mouse; Cell Signaling
Technology), anti-VMP1 (1:1000 mAb Rabbit #12929; Cell Signaling Technology), and
anti-Tubulin (1:1000 mAb T5168; Sigma-Aldrich). The next day, the coverslips were washed
three times with PBS and then incubated for 2 hours at room temperature with secondary
antibodies prepared in PBS with 1% BSA blocking solution (Alexa Fluor 488, 594, and 647
1:800 from Molecular Probes) and mounted in polyvinyl alcohol (PVA) with DABCO
mounting medium.

Observation of the samples and image acquisition were performed using a Carl Zeiss-LSM
880 confocal microscope (objectives 20x Zeiss Plan-Apochromat, NA 0.8, or 63x Zeiss
Plan-Apochromat, NA 1.4)

In Vivo Fluorescence of VMP1.GFP-EVs

Conditioned culture medium from HEK293T cells previously transfected with the
pEGFP-N1-hVMP1 plasmid was ultracentrifuged to obtain the EV fraction. The resulting
pellet, rich in VMP1.GFP-EVs was resuspended in PBS. A drop of this EV suspension was
placed on a microscope slide along with a coverslip and sealed with nail polish. The fresh
sample was immediately observed using a Carl Zeiss-LSM 880 confocal microscope
(objectives 20x Zeiss Plan-Apochromat, NA 0.8, or 63x Zeiss Plan-Apochromat, NA 1.4).

Protease Assay
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VMP1.Flag-EVs pellets were generated by differential centrifugation as described previously,
resuspended in 60 μL PBS, and divided equally into three fractions for resuspension in PBS,
100 μg/mL trypsin in PBS, or 1% Triton X-100 and 100 μg/mL trypsin in PBS. After
incubation and occasional mixing for 30 min at 37°C, protease reactions were stopped with
the addition of 10 μL protease inhibitor cocktail and 4× sample buffer before immunoblotting
analysis.

Statistical Analysis

The data are expressed as the mean ± SEM. All the shown images are representative of
three independent experiments. The statistical analyses of the data were performed using
GraphPad Prism 8, as stated in the corresponding figure legends.

Results

VMP1 is secreted to the cellular culture medium using extracellular vesicles

We aimed to investigate whether VMP1 is secreted into the cell culture medium within the
extracellular vesicle (EV) fraction. To accomplish this, we collected the conditioned culture
media (CM) from HEK293T cells overexpressing VMP1. The media were then subjected to
differential ultracentrifugation to obtain a final pellet enriched in EVs.

First, we transfected HEK293T cells with VMP1.GFP or an empty GFP vector as a control.
Western blot analysis of the obtained EV fractions revealed that VMP1.GFP is secreted as
part of the EVs (Figure 1A).

To verify that VMP1 secretion is independent of the plasmid and tag used, we employed two
additional expression plasmids for VMP1 protein expression. We transfected cells with
VMP1.V5 and VMP1.FLAG. Western blot analysis of the EV fractions revealed that both
VMP1.V5 and VMP1.FLAG were present in the EVs (Figures 1B and 1C), demonstrating the
presence of VMP1 in the extracellular vesicle fraction regardless of the tag and promoter
used.

These results were corroborated by two additional experimental techniques. First, using
confocal microscopy, we visualized the VMP1.GFP-EVs in the fresh pellet obtained after
ultracentrifugation of the conditioned culture medium, observing structures compatible with
extracellular vesicles smaller than 1 μm (Figure 1D). Second, we measured the fluorescence
intensity of the VMP1.GFP-EVs fraction compared to the control. We detected the
fluorescent signal only in the EV fraction obtained from the culture medium of VMP1.GFP
expressing cells (Figure 1E). These results collectively demonstrated that VMP1 is secreted
into the cell culture medium in the EV fraction.

VMP1 is located in the membrane of the VMP1-EV

Knowing that VMP1 is a transmembrane protein of the autophagosome, we proposed that
VMP1 could be an integral component of the membrane of EVs. In Figure 2A we show
transmission electron microscopy (TEM) images of VMP1.Flag vesicles that were purified
and enriched by immunoprecipitation (IP) using magnetic beads conjugated with the
anti-Flag antibody. Additionally, measurements of the VMP1 vesicles sizes from the TEM
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images revealed a homogeneous distribution, with diameters ranging from 150 to 200 nm
(Figure 2B). Using dynamic light scattering (DLS), we estimated their size, confirming the
results obtained by TEM and further validating a homogeneous population (Figure 2C).

To confirm the presence of VMP1 in the EV membrane, we conducted a protease protection
assay. VMP1.Flag-EV fractions were collected and incubated with trypsin. In the presence of
trypsin, the VMP1 protein was partially degraded. This partial degradation was indicated by a
decrease in band intensity and the appearance of a lower molecular weight VMP1 band.
Specifically, the FLAG tag was almost completely degraded, indicanding that the hydrophilic
C-terminal of VMP1 is exposed on the outer surface of the EVs and thus accessible to
trypsin (Figure 2D). Moreover, when TX-100 was added, VMP1 was completely degraded
by trypsin. This complete degradation indicates that VMP1 is indeed a component of the EV
membrane, as it was protected only when the membrane was intact.

This set of results clearly demonstrates that VMP1 is part of the membranous structure of
VMP1-EVs. This finding was confirmed by the ability to specifically isolate the population of
VMP1-EVs using IP with magnetic beads fused to the anti-tag.

VMP1-EVs are able to be internalized by different host cells

We evaluated whether VMP1-EVs were able to be internalized by different host cells. For
this purpose, we incubated HeLa cells overnight with VMP1.GFP-EVs obtained from the
conditioned medium of HEK293T cells overexpressing VMP1-GFP. Using confocal
microscopy, we visualized VMP1.GFP-EVs within the host cells (Figure 3A).

To confirm that VMP1-EVs were indeed internalized by different cells, we repeated the
experiment using AR42J cells incubated with VMP1.Flag-EVs, and performed
immunofluorescence against tubulin and Z-stack analysis. The results are presented in
Figure 3B, clearly showing that the VMP1-EVs are located within the host cells.

In addition, we incubated Hela cells with VMP1.Flag-EVs, and performed
immunofluorescence with anti-Flag and anti-VMP1 antibodies to achieve double labeling of
the VMP1-EVs and we detected positive immunolabeling for VMP1.Flag-EVs within the cells
(Supplementary Figure 1).

As a whole, these results further confirm that VMP1 is secreted using extracellular vesicles
and suggest that VMP1-EVs might have a biological effect participating in intercellular
communication.

Effect of mTOR inhibition on the secretion of VMP1.Flag-EVs

Given that VMP1 plays an essential role in the autophagic process, being crucial for
autophagosome formation, and that it is ubiquitinated both during the autophagic process
and in the vesicles secreted into the extracellular culture medium, we decided to explore the
possible involvement of the canonical induction of autophagy pathway by inhibition of mTOR
on the secretion of VMP1-EVs into the cell culture medium.

To conduct this analysis, we used the HEK293T cell line expressing VMP1-Flag treated with
starvation or PP242 as two different kinds of mTOR inhibitors. Figure 4B presents the
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western blot analysis from the EV fraction obtained from VMP1-Flag transfected cells after
mTOR inhibition. Figure 4A shows an immunoblot of lysates, where the increase in LC3-II
served as a control for autophagy induction by mTOR inhibitors. Quantification of the bands
obtained from the EV fraction indicated a significant reduction in the secretion of
VMP1.Flag-EVs upon mTOR inhibition (Figure 4C). These findings suggest that the
activation of autophagy through the inhibition of mTOR negatively affects the secretion of
VMP1.Flag-EVs.

VMP1.Flag-EV secretion is significantly induced by the lysosomal blocking

Chloroquine is recognized for its capacity to induce lysosomal stress and inhibit autophagic
flux by preventing lysosomal acidification, acting directly on the proton pump of this
organelle. To evaluate the effect of lysosomal blocking on VMP1-EVs secretion, we
transfected cells with VMP1-Flag and treated them with chloroquine. We then obtained the
EV fraction and performed western blot analysis of cell lysates and EVs. Figure 5A shows
the accumulation of LC3-II under chloroquine treatment, which serves as a control of the
chloroquine action, since it impedes the degradation of autophagosomes.

The analysis of the EV fraction revealed a significantly enhanced secretion of
VMP1.Flag-EVs when autophagic flux is inhibited by chloroquine. Notably, we also found
that lysosome blocking induced the secretion of the autophagy cargo p62 in the EV fraction
(Figure 5B and 5C). These results demonstrate an association between lysosomal inhibition
and the secretion of VMP1-EVs, supporting the involvement of secretory autophagy in the
mechanism of VMP1 secretion.

The endogenous VMP1 secretion depends on autophagosome formation

Recently, we discovered that VMP1 is modified by ubiquitination and that this ubiquitination
does not initially lead to VMP1 degradation by proteasomes or by autophagy, but regulates
autophagy. VMP1 suffers ubiquitination during the early steps of autophagosome formation
and remains ubiquitinated during the autophagic flux (Renna et al. 2023). Then, we aimed to
investigate whether VMP1 is ubiquitinated within the EV fraction. To address this, in
HEK293T cells previously transfected with VMP1, we performed immunoprecipitation using
magnetic beads conjugated with a GFP antibody to purify VMP1.GFP vesicles from both cell
lysates and the extracellular vesicle fraction. We then conducted immunoblotting (IB) against
VMP1 and ubiquitin (Figure 6A). The results revealed that the VMP1 isolated from the EV
fraction of cell culture medium is ubiquitinated and suggest that VMP1 secretion is related to
autophagy.

We then investigated whether autophagosome formation is required for the secretion of
endogenous VMP1 using EVs. We employed the ATG5-deficient MEF cell line to evaluate
the role of ATG5 in the endogenous secretion of VMP1 under conditions with or without
lysosomal inhibition using Bafilomycin A1 (BafA1). The western blot analysis of the whole
cell lysates showed that the inefficient formation of autophagosomes due to ATG5 deficiency
resulted in the slight accumulation of VMP1 (Figure 6B). Interestingly, in the western blot of
the EV fraction, we observed that ATG5 deficiency significantly impaired the secretion of
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VMP1. Specifically, we observed a marked decrease in the secretion of VMP1-EVs in
ATG5-deficient cells compared to WT cells (Figure 6C and D). These findings suggest that
ATG5 is required for VMP1 secretion and confirm that autophagosome formation is involved
in VMP1 secretion.

Notably, lysosomal blocking with BafA1 led to a significant increase in the endogenous
VMP1 secretion by MEF WT cells, confirming the results obtained with VMP1.Flag-EV
secretion under chloroquine treatment (Figure 5). As a whole, these data indicate that a
secretory autophagy mechanism is involved in VMP1 secretion.

The secretion of endogenous VMP1 by pancreatic acinar cells was highly induced in
experimental models of cell injury.

We previously demonstrated that experimental pancreatitis induced by hyperstimulation of
cholecystokinin receptors (CCK-R) with the analogue caerulein (CAE) at supramaximal dose
in the rat pancreatic acinar cells (AR42J), triggers autophagy mediated by transgenic VMP1
expression in mouse pancreas, preventing cell death (Grasso et al. 2011). We then
investigated whether the increased VMP1 expression in the context of experimental AP
would translate into greater secretion of this protein into the EV fraction.

To address this, we used AR42J cells that, after differentiation to pancreatic acinar cells with
100 nM dexamethasone, were treated overnight with caerulein at supramaximal doses
(Figure A). We collected the EV fraction and performed immunoblotting for VMP1 and LC3
proteins (Figure 7B). Upon analyzing the EV fraction obtained after caerulein treatment, we
found a notable increase in both VMP1 and LC3-II compared to the control EV secretion
(Figure 7C and D).

Knowing that VMP1 is an acute-phase protein overexpressed under vesicular transport
disruption caused by pancreatitis, we decided to explore if lysosomal blockage in pancreatic
acinar cells might trigger the secretion of endogenous VMP1 in the EV fraction. To address
this, we employed BafA1 to induce lysosomal blocking in AR42J cells (Figure 7E). We
collected EV fractions for immunoblotting against VMP1, LC3, and p62 proteins. A significant
increase in VMP1 secretion was observed upon BafA1 treatment (Figure 7G). Notably, in the
EV fraction treated with BafA1, a significant increase in the secretion of LC3 and p62
proteins also occurs (Figure 7F). These findings confirm once again that VMP1 is released
using EVs by a secretory autophagy mechanism, evidenced by two different models of
cellular stress.

Discussion

Autophagy is a specialized catabolic process that enables the selective degradation of aged
or damaged cellular components, thereby contributing to the maintenance of cellular
homeostasis. While traditionally recognized for its role in cellular regeneration, recent
research has uncovered non-canonical functions of autophagy, collectively referred to as
secretory autophagy (SA) (Ponpuak et al. 2015) . This process encompasses both
conventional and unconventional protein secretion, the production of extracellular vesicles
(EVs), and the release of secretory lysosomes (Buratta et al. 2020; Solvik et al. 2021).
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Here we have demonstrated that VMP1 is secreted into the EV fraction as a component of
the membrane of extracellular vesicles. In our findings, VMP1 emerges as a novel critical
player in SA (Ponpuak et al. 2015; Kimura et al. 2017; Zhang et al. 2015), where this
transmembrane protein is integrated into the membrane of EVs. Our observations
underscore the dynamic nature of VMP1 secretion and its regulation by autophagy and
cellular stress conditions.

Interestingly, VMP1, an autophagy related protein, is secreted into the EV fraction
independently of the tag or promoter used (Figure 1). Using confocal microscopy, we
visualized VMP1.GFP-EVs in the fresh pellet obtained after differential ultracentrifugation of
the conditioned culture medium, observing structures consistent with extracellular vesicles
smaller than 1 μm (Figure 1D). Furthermore, we detected for the first time the secretion of
endogenous VMP1, under conditions of milder plasmid expression (pLenti-hVMP1Flag)
(Figure 1B), and under cellular stress (Figures 6 and 7).

Given the intrinsic nature of VMP1 as a transmembrane protein of the autophagosome
during the macroautophagy process, we investigated and confirmed its presence as a
membrane component of EVs through immunoprecipitation using magnetic beads fused to
VMP1-tag antibodies, and transmission electron microscopy (Figure 2A). VMP1-EVs size
estimation via TEM and dynamic light scattering (DLS) revealed a homogeneous profile
within the range of 150-190 nm, consistent with secretory vesicles (Figure 2), according to
the guide MISEV2023 (Welsh et al. 2024).

VMP1 secretion was reduced upon inhibition of mTOR mediated by the pharmacological
inducer pp242 or by STV (Figure 4), aligning with studies that have observed decreased EV
secretion under similar conditions (Zou et al. 2019; Bhat et al. 2021) . Conversely, SA is
characterized by the utilization of autophagic machinery components (ATGs) for the
secretion of proteins into the extracellular medium. Several authors have demonstrated that
ATG5 is necessary for the mechanism of secretory autophagy (Noh et al. 2018; Urano et al.
2018), as well as for the production of EVs (Guo et al. 2017). Our experiments are consistent
with these reports, our data have shown that the secretion of endogenous VMP1-EVs, which
is markedly induced under lysosomal inhibition in WT cells, is significantly reduced in cells
deficient in ATG5 (Figure 6C and D). Furthermore, VMP1 secretion was increased under
conditions of cellular stress. Lysosomal blockade facilitating by BafA1 or CQ leads to a
substantial increase in VMP1 levels in EV fraction, along with p62 and LC3II (Figure 5B and
7F), resembling the secretory autophagy mechanisms characterized by Debnath and Leidal
(Debnath and Leidal 2022). Our findings, as a whole, confirm that the secretion of VMP1 is
related to secretory autophagy in response to cellular stress, since it is induced by
bafilomycin and depends on autophagosome formation (Solvik et al. 2022).

Given VMP1's critical role in autophagy and disease, its regulation is tightly controlled at
both transcriptional and post-translational levels. Recent findings demonstrated that VMP1 is
ubiquitinated by the E3 ligase complex CRL4/Cdt2 during autophagic flux in pancreatic
cancer cells, and that the inhibition of VMP1 ubiquitination significantly affects VMP1
recruitment and autophagosome biogenesis (Renna et al. 2023). Here we have shown that
VMP1 is ubiquitinated in the VMP1.GFP-EVs (Figure 6A), supporting the autophagy
dependence of VMP1 secretion. Our finding also suggests a multifunctionality of VMP1
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ubiquitination, potentially encompassing its participation in the biogenesis of extracellular
vesicles under conditions of cellular stress or injury.

EVs have been widely recognized as critical mediators of intercellular communication,
facilitating the transfer of bioactive molecules through mechanisms such as fusion,
internalization, and the subsequent release of signaling molecules into target cells (Cocozza
et al. 2020; Ginini et al. 2022). This process has been implicated in a variety of physiological
and pathological contexts, such as cancer and inflammation, where EV-mediated
communication is often enhanced compared to normal conditions (Lai et al. 2014). Using
confocal microscopy, we demonstrated that VMP1-EVs generated experimentally can be
internalized by different cell types, including HeLa and AR42J cells (Figure 3), further
underscoring their potential role in cellular communication. These findings would suggest
that VMP1-EVs could be involved in modulating intercellular signaling pathways, an area
that has not yet been fully explored. Although significant advances have been made in
understanding EV secretion and uptake, the precise mechanisms underlying these
processes, particularly in pathological versus physiological conditions, remain largely unclear
and warrant further investigation.

SA has emerged as a critical mechanism in various pathophysiological processes, facilitating
the secretion of specific cellular components implicated in complex human diseases such as
inflammation, cancer, diabetes, and neurodegenerative disorders (Urano et al. 2018) . This
new autophagic function is triggered under conditions of cellular stress, such as reticular
stress, or in response to misfolded proteins (UPR). Additionally, secretory autophagy can be
activated when intracellular trafficking is blocked (Jahangiri et al. 2022), which is particularly
relevant in the pathophysiology of acute pancreatitis (AP) . In the context of AP, secretory
autophagy may play a crucial role. AP is characterized by the premature activation of
digestive enzymes within the pancreas, leading to tissue damage and inflammation. During
AP, cellular stress might induce SA to alleviate endoplasmic reticulum (ER) stress by
secreting misfolded proteins, thereby attempting to restore cellular proteostasis . This
process should involve the coordinated action of several proteins, including those central to
the autophagic and secretory pathways (Zahoor and Farhan 2018).

Several reports have recently studied the composition and role of isolated extracellular
vesicles and the relationship between circulating EVs and pancreatitis (Jia et al. 2021).
However, due to the complexity and heterogeneity of EVs, multiple mechanisms and source
of secretion, the relevance of EVs in the diagnosis and treatment of pancreatitis requires
extensive investigation prior to clinical application. Our results have demonstrated a
significant increase in the secretion of VMP1-EVs in pancreatic acinar cells suffering from
the characteristic features of AP. Interestingly, our findings reveal a novel approach in the
study of the relationship between EV secretion and pancreatitis, pointing at VMP1 secretion
as a new autophagy-related pathway in response to disease and with potential relevance in
the pathophysiology of pancreatic disorders.

Conclusions

Our study demonstrates for the first time the unconventional secretion of an autophagy
related transmembrane protein, VMP1. Our data also show that this secretion uses
extracellular vesicles and it is closely related to autophagy (Figure 8). Moreover, our findings
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emphasize the multifunctional role of VMP1 in responding to cellular stress and disease, not
only through the degradation of damaged components via selective autophagy (Grasso et al.
2011; Vanasco et al. 2021) but also in regulating alternative secretory pathways, including
the release of EVs. Moreover, VMP1 secretion might contribute to the complex and poorly
understood mechanisms of self limitation in most cases of AP. Understanding the
mechanisms governing VMP1 secretion could provide new insights into the characterization
and functions of secretory autophagy in health and disease.
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Figure legends

Figure 1. VMP1 is secreted to the extracellular medium. (A) Western Blot analysis of
VMP1-GFP and empty GFP levels in HEK293T cell lysates (WCL), and EVs lysates from
CM separated by ultracentrifugation. Immunoblotted to detect GFP marker (n = 5 biologically
independent experiments). (B) Western Blot analysis of VMP1-Flag levels in HEK293T WCL
and EVs lysates from CM separated by ultracentrifugation. Immunoblotted to detect the
endogenous levels of VMP1 and the indicated marker (n = 5 biologically independent
experiments). (C) Western Blot analysis of VMP1-V5 levels in HEK293T WCL and EVs
lysates from CM separated by ultracentrifugation. Immunoblotted to detect the presence of
the indicated marker (n = 5 biologically independent experiments). (D) Confocal microscopy
of VMP1.GFP EVs obtained by ultracentrifugation of the conditioned medium of HEK293T
cells transfected with hVMP1-GFP for 48 hours. Scale bar: 15 µM / 1µM. (E) Quantification
of fluorescence intensity obtained in the VMP1.GFP extracellular vesicles fraction compared
to their control (pEGFP-N1) (n = 3 biologically independent experiments).

Figure 2. VMP1 is part of the membrane of extracellular vesicles (EVs). (A) Representative
TEM image of VMP1.Flag EVs. VMP1-Flag EVs were collected from HEK293T cell culture
medium and purified through immunoprecipitation using anti-Flag beads. EVs range in size
from 150 to 200 nm. Scale bar: 50 nm. (B) The violin plot details the distribution of sizes
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(nm) measured in the images of VMP1.Flag-EVs obtained by electron microscopy (n=25).
(C) Light scattering intensity of VMP1.Flag-EVs obtained from the conditioned culture
medium of HEK293T cells (n=3 biologically independent experiments). (D) Representative
blots of indicated proteins from untreated EVs or EVs incubated with 100 μg/mL trypsin
and/or 1% Triton X-100 (TX-100) for 30 min at 37°C (n=3 biologically independent
experiments)

Figure 3. VMP1-EVs are able to be internalized by different host cells. (A) Representative
images of HeLa cells incubated overnight with VMP1.GFP-EVs. Direct immunofluorescence
was performed. (B) Z-stack of AR42J cells incubated overnight with VMP1.Flag-EVs.
Immunolabeling was performed for Flag, tubulin, and DAPI. Scales: 10 μm and 1 μm.

Figure 4. Effect of mTOR inhibition on the secretion of VMP1.Flag-EVs. (A) Western blot
analysis of WCL fractions from HEK293T cells previously transfected with VMP1.Flag,
treated with STV or pp242 (1µM) for 16 hours. Immunoblotting for Flag, VMP1, LC3 and
actin was performed where actin served as a loading control. (B) Western blot analysis of EV
fractions from HEK293T cells previously transfected with VMP1.Flag, treated with STV or
pp242 (1µM) for 16 hours. Immunoblotting for anti-Flag was performed. (C) Quantitative
analysis of VMP1-Flag EVs secreted in the conditioned culture medium for each treatment.
Data are statistically different from each other with ***p<0.01 value versus control (n=3
biologically independent experiments).

Figure 5. VMP1-EV secretion is increased under autophagic flux blockade. (A) Western blot
analysis of WCL fractions from HEK293T cells previously transfected with VMP1.Flag,
treated with CQ (50 µM) for 16 hours. Immunoblotting for Flag, VMP1, LC3 and actin was
performed where actin served as a loading control. (B) Western blot analysis of EV fractions
from HEK293T cells previously transfected with VMP1.Flag, treated with CQ for 16 hours.
Immunoblotting for VMP1 and p62 was performed. (C) Quantitative analysis of VMP1-Flag
EVs secreted in the conditioned culture medium for each treatment. Data are statistically
different from each other with *p<0.01 value versus control (n=3 biologically independent
experiments).

Figure 6. The endogenous secretion of VMP1 is induced by Bafilomycin and depends on
autophagosome formation. (A) Western blot analysis of cell lysates and extracellular vesicles
(EVs) from HEK293T cells previously transfected with the Ub-Flag plasmid and either
pEGFP-N1 or VMP1-GFP. Immunoprecipitation was performed using magnetic beads
conjugated with anti-GFP, followed by western blot analysis targeting VMP1 and Flag. The
specific immunoblot (IB) for VMP1 shows multiple bands with a molecular weight higher than
73 kDa in the eluate obtained from both total lysates and EVs, indicating the ubiquitination of
VMP1. The image is representative of three independent experiments.(B) Whole cell lysates
(WCL) from MEF WT and ATG5 KO cells treated and untreated with BafA1 (100 µM) for 16
hours. Immunoblotting was performed for the proteins ATG5, VMP1, and LC3. Actin was
used as a loading control. (C) Western blot of the EV fraction obtained from the different
culture media of MEF WT and ATG5 KO cells treated and untreated with BafA1.
Immunoblots were performed against the proteins VMP1 and LC3. (D) Quantitative analysis
of VMP1 secreted in the EV fraction for each treatment. Bars represent the mean and SEM
of 3 independent experiments. ***p < 0.01 by two-way ANOVA.

Figure 7. The secretion of endogenous VMP1 by pancreatic acinar cells was highly induced
in experimental models of cell injury. (A) Western blot of WCL from AR42J cells treated and
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untreated with CAE (7,4 µM) for 16 hours. Blots were performed against VMP1 and LC3
proteins. Actin was used as a loading control. (B) Western blot of EV fractions collected from
control and CAE treatments. An immunoblot was performed against VMP1 and LC3
proteins. (C) Relative density quantification of VMP1 secretion. Bars represent the mean and
SEM of 3 independent experiments *p < 0.05 by Welch's parametric test. (D) Relative
density quantification of LC3 II secretion. Bars represent the mean and SEM of 3
independent experiments *p < 0.05 by Welch's parametric test. (E) Western blot of whole cell
lysate (WCL) from AR42J cells treated and untreated with BafA1 (20 µM) for 16 hours. Blots
were performed against VMP1, p62, and LC3 proteins. Actin was used as a loading control.
(F). Western blot of EV fractions collected from control and BafA1 treatments. An
immunoblot was performed against VMP1, p62, and LC3 proteins. (G) Relative density
quantification of VMP1 secretion. Bars represent the mean and SEM of 3 independent
experiments **p < 0.01 by Welch's parametric test.

Figure 8. VMP1-EV secretion is modulated by autophagy pathway. Blocking the autophagic
pathway with either chloroquine (CQ) or bafilomycin A1 (BafA1) promotes the secretion of
VMP1-EVs into the extracellular space. Autophagosome formation is required for the
secretion of VMP1-EVs, which is dependent on the autophagy-related protein ATG5.

Supplementary Figure 1. VMP1-EVs are able to be internalized by different host cells. (A)
HeLa cells were incubated overnight with VMP1.GFP-EVs obtained from the conditioned
medium of HEK293T cells. Direct immunofluorescence was performed to visualize EV
internalization. Scale bars: 10 µm and 1 µm. (B) HeLa cells were incubated overnight with
VMP1.Flag-EVs, followed by immunolabeling with anti-Flag and anti-VMP1 antibodies. Scale
bars: 10 µm and 1 µm. (C) AR42J cells were incubated overnight with VMP1.GFP-EVs and
subsequently immunolabeled with anti-VMP1 antibody. Scale bars: 10 µm and 1 µm.
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